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The chemokine SDF-1 and its receptor CXCR4
control cell migration in the immune and nervous
systems. Recent studies in zebrafish have shown
that SDF-1 and CXCR4 also guide the migration of
germ cells and sensory organs of the lateral line.
Guided cell migration is important for biological
processes ranging from embryonic development to
wound healing. Guidance signals in the environment
provide cells with positional information and can act
as repellents or attractants to steer cells to specific
locations. In the last 10 years, considerable progress
has been made in identifying both extracellular and
intracellular components involved in guided cell
migration. A particularly exciting area of progress has
been the identification and analysis of G-protein-
coupled receptors that recognize guidance cues.
Pioneering studies in Dictyostelium have shown that
G-protein-coupled receptors are activated by the
chemoattractant cAMP [1,2]. Individual cells move
towards a distant source of cAMP to aggregate and
form a multicellular organism. Directionality in this
system is provided by the ability of cells to sense a
cAMP concentration gradient.
G-protein-coupled receptor signaling, activated by
chemotactic cytokines known as chemokines, is also
employed for guided migration in the vertebrate
immune and nervous systems. A particularly promi-
nent example is the guidance of leukocytes by the
chemokine SDF-1 and its G-protein-coupled receptor
CXCR4. SDF-1 is thought to be the only ligand for
CXCR4, and CXCR4 appears to be the only receptor
for SDF-1. Supporting this view, SDF-1 or CXCR4
mutant mice have very similar phenotypes, including
defective B-cell lymphopoiesis and bone-marrow
myelopoiesis [3–6]. In addition, mutant embryos show
premature migration of granule cells in the cerebellum,
revealing a role for SDF-1/CXCR4 signaling in neu-
ronal migration. Two papers [7,8] have now revealed
that this ligand–receptor pair also provides the long-
sought guidance mechanism for primordial germ cells
in zebrafish.
Primordial germ cells have become an excellent
model system to study directional migration during
animal development [9–11]. Germ cells need to migrate
from the position where they are specified to the gonad
where they differentiate. Careful studies in zebrafish
have defined several steps in germ cell migration
(Figure 1) [12–14]. Four groups of primordial germ cells
are initially positioned randomly with respect to the
future embryonic axes. Within 24 hours of development,
the germ cells follow complex migratory paths to even-
tually coalesce in the future gonad. These descriptive
studies suggested that germ cells follow several inter-
mediate targets to reach their final destination.
To isolate genes required for primordial germ cell
migration, the Raz [7] and Nüsslein-Volhard [8] groups
carried out large-scale screens. In one approach,
morpholino antisense oligonucleotides designed to
block the translation of specific mRNAs were injected
into the 1-cell embryo [7]. Twenty-four hours later, at
mid-embryogenesis, the distribution of germ cells
was detected using the germ cell marker vasa. One of
the 2500 different morpholinos tested specifically
affected germ cell distribution; this morpholino targets
one of two zebrafish CXCR4-like genes, CXCR4b. In
the other approach, a genetic screen of chemically
mutagenized fish was carried out [8]. Again, germ cell
location was assayed by vasa expression. From 1358
screened genomes one mutation, odysseus, was
identified. A combination of positional cloning and
synteny conservation approaches then led to the
identification of odysseus as a likely null mutation 
in CXCR4b.
Strikingly, blocking CXCR4b function leads to an
apparently random scattering of primordial germ cells
throughout the embryo [7,8]. Germ cells still move, but
they lack the directionality to follow their normal guid-
ance paths. Three lines of evidence indicate that
CXCR4b is specifically required in primordial germ cells
for guided migration. First, transplantation studies show
that odysseus mutant germ cells do not migrate prop-
erly in wild-type hosts, whereas wild-type germ cells
migrate correctly in odysseus mutant hosts [8]. Second,
primordial germ cell-specific expression of CXCR4b in
embryos lacking endogenous CXCR4b rescues germ
cell guidance [7,8]. Third, despite the abnormal migra-
tion, marker expression and morphology indicate that
primordial germ cell specification is normal in the
absence of CXCR4b [7,8]. Indeed, odysseus mutants
are viable and some germ cells can populate the
gonadal mesoderm and generate functional eggs and
sperm [8].
Where and when is CXCR4b activated to guide
primordial germ cells? A priori, CXCR4b might only be
required at one or a few choice points. Analysis of
SDF-1 expression, however, indicates that SDF-
1/CXCR4b signaling might guide germ cell migration
throughout embryogenesis. There is a remarkable
correlation between expression of SDF-1a — one of
two zebrafish SDF-1 genes — and the location of
germ cells (Figure 1) [7]. For instance, the dorsal
exclusion of germ cells is reflected in the absence of
SDF-1a dorsally, and the posterior migration of germ
cells correlates with the anterior to posterior clearing
of SDF-1a expression. Moreover, in regions where
SDF-1a is expressed more broadly, such as in lateral
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plate and somitic mesoderm, germ cells seem to be
attracted to sites where more cells express SDF-1a. 
The expression of the second SDF-1 gene, SDF-1b,
is less well characterized, but during somitogenesis
and later stages of embryogenesis SDF-1b expression
domains also seem to include the location of germ
cells [8]. SDF-1a and SDF-1b hence appear to have
overlapping expression patterns during germ cell
migration. It is thus surprising that blocking translation
of either mRNA using morpholinos can induce germ
cell migration defects similar to the ones induced by
blocking CXCR4b. SDF-1a and SDF-1b share more
than 70% identity and misexpression of either protein
can attract germ cells to ectopic locations [7,8]. It is
thus unlikely that these two signals have drastically
different biochemical activities. 
It might be that SDF-1a is the major guidance cue
[7], whereas SDF-1b has a lesser contribution [8]. In
support of this, only 30% of embryos injected with a
SDF-1b morpholino have germ cell migration defects
[8]. Alternatively, SDF-1a and SDF-1b might have tem-
porally or spatially differing roles during germ cell
migration. Maybe SDF-1a is required for early steps of
migration and SDF-1b is more important for later guid-
ance? Future studies will have to determine the over-
lapping or exclusive contributions of the two SDF-1
signals to germ cell migration.
How do SDF-1 and CXCR4b steer cells? Whereas
wild-type germ cells have a stably positioned leading
edge highlighted by lamellipodia, cells that lack
CXCR4b extend lamellipodia in multiple directions
[7,8]. Conversely, overproduction of SDF-1 in germ
cells induces thinner and longer cellular protrusions all
around the cell and limits movement [7]. This behavior
is strikingly similar to Dictyostelium cells, which move
non-directionally in the absence of external cues and
move directionally towards a cAMP source by
stabilizing cell polarity and pseudopodia extension in
the direction of the chemoattractant. In contrast,
flooding cells with cAMP arrests movement. Taken
together, these observations suggest that the main
cellular role of SDF-1/CXCR4b signaling is to induce
stable unidirectional polarity and cytoskeletal
rearrangements that lead to directional migration.
In contrast to the fetal lethality of mouse CXCR4
mutants, zebrafish CXCR4b mutants are viable [8]. It
is likely that CXCR4a, a second zebrafish CXCR4
orthologue, compensates for loss of CXCR4b [15].
CXCR4b might also have subtle roles in processes
other than primordial germ cell migration. Indeed,
Ghysen and colleagues [16] found that SDF-1a and
CXCR4b are required for patterning of the lateral line
system, a sensory system designed to perceive move-
ments in surrounding areas. The sensory organs of the
lateral line, the neuromasts, are arranged in a specific
pattern on the body surface. In the posterior lateral
line, neuromasts are located from head to tail at
regular intervals at the level of the horizontal myosep-
tum (Figure 2) [17,18]. This distribution is generated by
a primordium that moves during mid-embryogenesis
from anterior to posterior and deposits small groups
of neuromasts at regular intervals.
An in situ hybridization screen to determine the
expression of several thousand zebrafish genes led to
the isolation of CXCR4b as a marker for the posterior
lateral line primordium [18]. CXCR4b is expressed in
the primordium at the onset and throughout migration
and downregulated upon deposition of neuromasts.
As with primordial germ cell guidance, there is an
almost perfect correlation between the path of the
primordium and SDF-1 expression domains [16]. For
instance, SDF-1a is restricted to the ventral tail region
corresponding to the primordium’s path of migration,
and later formation of the lateral line dorsal branch is
preceded by a dorsal stripe of SDF-1 expression.
Consistent with SDF-1a and CXCR4b having an
essential role in posterior lateral line formation,
morpholinos against these two factors were found to
perturb primordium migration.
Taken together, the three new studies [7,8,16] in
zebrafish highlight the important role of chemokine sig-
naling during cell migration and provide compelling in
vivo evidence that chemokines have a role in stabiliz-
ing unidirectional polarity and lamellipodia. The three
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Figure 1 Primordial germ cell migration
and SDF-1 expression in zebrafish.
The six steps (I–VI) of primordial germ cell
migration are schematized. Stages and ori-
entation are indicated. SDF-1 expression is
indicated in yellow. Four groups of primor-
dial germ cells — orange, red, blue and
green clusters — are initially positioned
randomly with respect to the future embry-
onic axes. They then converge to the
dorsal side (step I), but are excluded from
the dorsal-most region of the blastula (II).
During gastrulation primordial germ cells
become aligned at the lateral plate and
trunk/head mesoderm borders (III). Follow-
ing lateral movement and localization (IV),
primordial germ cells move anteriorly (V)
and posteriorly (VI) to coalesce in the future
gonad. Note the strict correlation of pri-
mordial germ cell location with SDF-1
expression. Somite and other sites of
SDF-1 expression are not shown. (Modi-
fied from [13].)
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papers [7,8,16] also provide impressive examples of
the continuing power of systematic screens in
zebrafish to dissect vertebrate development. Finally,
the observation that two different cell types, primordial
germ cells and posterior lateral line primordia, use the
same guidance signal but end up at different locations
highlights an interesting challenge for the embryo: how
to ensure that one cell type does not follow the migra-
tory pathway of another? More specifically, why does
the posterior lateral line primordium not migrate to the
gonadal mesoderm, and why are primordial germ cells
not attracted to the horizontal myoseptum? 
It is conceivable that physical barriers or additional
signals limit migratory pathways, but an elegant solu-
tion to this challenge is to provide a common guidance
cue both continuously and at a restricted range. This
mechanism would be akin to using an ‘attractive
pathway’ instead of ‘long-range attraction’. In a long-
range attraction system, cells migrate towards a distant
source of a chemoattractant, for example cAMP in the
case of Dictyostelium guidance. In an attractive
pathway system, the expression pattern of a chemoat-
tractant changes spatially and temporally to carry
closely associated cells to their destination. The obser-
vation that SDF-1 is not only expressed in gonadal
mesoderm, but in a complex pattern throughout
embryogenesis, supports the attractive pathway model. 
Using this strategy, cells stay closely associated
with local sources of the guidance signal and would
thus not be misguided to an inappropriate, more
distant source of the same attractant. Support for this
notion also comes from the observation that cells are
misguided only under abnormal circumstances, as in
mutants that lack a subset of SDF-1 expression
domains [7,12,13,16]. For example, in mutants that
lack SDF-1 expression in the horizontal myoseptum,
the posterior lateral line primordium now migrates into
the lateral plate mesoderm, where primordial germ
cells are normally located [16]. In line with the
attractive pathway model, the lack of local, continuous
SDF-1 signal apparently exposes and attracts the
posterior lateral line primordium to more distant
sources of SDF-1. It will be a fascinating challenge for
the future to test this model and determine how cells
that are attracted by common signals can travel to
distinct locations.
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Figure 2. Posterior lateral line in zebrafish.
The path of the posterior lateral line primordium from anterior
(right) to posterior (left), and from horizontal myoseptum to
dorsal (top), is indicated in red. Neuromasts are deposited by
the primordium at regular intervals (blue). The first neuromast
of the dorsal branch is indicated in green. (Modified from [16].)
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